abstract: Oxidative damage by reactive oxygen species (ROS) is a major cause of sperm dysfunction. Excessive ROS generation reduces fertilization and enhances DNA damage of spermatozoa. Interaction between spermatozoa and oviductal epithelial cells improves the fertilizing ability of and reduces chromatin damage in spermatozoa. Our previous data showed that oviductal epithelial cell membrane proteins interact with the human spermatozoa and protect them from ROS-induced reduction in sperm motility, membrane integrity and DNA integrity. Sperm fucosyltransferase-5 (sFUT5) is a membrane carbohydrate-binding protein on human spermatozoa. In this study, we demonstrate for the first time that sFUT5 is involved in human spermatozoa -oviduct interaction and the beneficial effects of such interaction on the fertilizing ability of human spermatozoa. Anti-sFUT5 antibody-treated spermatozoa had reduced binding to oviductal membrane proteins. It is consistent with the result that affinity-purified sFUT5 is bound to the epithelial lining of human oviduct and to the immortalized human oviductal epithelial cell line, OE-E6/E7. Pretreatment of spermatozoa with anti-sFUT5 antibody and oviductal membrane proteins with sFUT5 suppressed the protective action of oviductal membrane proteins against ROS/cryopreservation-induced oxidative damage in spermatozoa. Asialofetuin, a reported sFUT5 substrate, can partly mimic the protective effect of oviductal epithelial cell membrane proteins on sperm motility, membrane and DNA integrity. The results enhance our understanding on the protective mechanism of oviduct on sperm functions.
Introduction
In mammals, the oviduct functions as a sperm reservoir, which is created by binding of the spermatozoa to the epithelial lining in the isthmic region of the oviduct (Suarez and Pacey, 2006) . The presence of a sperm reservoir in human is less clear mainly due to ethical and technical limitations in performing the experiment in vivo. However, two sets of observations support its existence. First, human spermatozoa can survive in the oviduct for a few days until after ovulation (Wilcox et al., 1995) . Second, close association occurs between the human spermatozoa and the oviductal epithelium in vivo (Williams et al., 1993) and in vitro (Pacey et al., 1995) . A recent scanning electron microscopic study further demonstrated ultrastructural interaction between morphologically normal spermatozoa with both the ciliated and the non-ciliated epithelial cells of the oviduct (Vigil et al., 2012) .
Spermatozoa-oviductal epithelial cell interaction maintains/improves the motility (Yeung et al., 1994; Murray and Smith, 1997) , preserves the viability and fertilizing ability (Yeung et al., 1994; Zhu et al., 1994) , improves fertilization rates in infertile males (Kervancioglu et al., 1997) , reduces sperm chromatin damage (Ellington et al., 1998) and regulates capacitation of human spermatozoa (Murray and Smith, 1997; Zumoffen et al., 2010) in vivo and in vitro. Our recent study demonstrated that membrane proteins from an immortalized human oviductal epithelial cell line, OE-E6/E7, interact with the human spermatozoa and protect them from reactive oxygen species (ROS)-induced damages by activating the activities of sperm endogenous antioxidant enzymes, superoxide dismutase (SOD) and glutathione peroxidase (GPx) (Huang et al., 2013) .
Sperm binding to the oviductal epithelium involves carbohydrate recognition in different species (Suarez, 2002 (Gwathmey et al., 2003; Ekhlasi-Hundrieser et al., 2005; Manaskova et al., 2007) . In contrast to other mammals, the mechanism and receptor controlling the binding of spermatozoa to the oviductal epithelium in human is not known. Sperm fucosyltransferase-5 (sFUT5) is a carbohydratebinding molecule on the acrosomal region of human spermatozoa and is a receptor of glycodelin and zona pellucida glycoproteins (Chiu et al., 2007) . sFUT5 is further demonstrated to be present in the lipid raft of mouse (Nixon et al., 2009 ) and human spermatozoa (Nixon et al., 2011) . Our first objective was to determine the role of sFUT5 in mediating spermatozoa -oviductal epithelial cell interaction and the beneficial effects of such interaction on the fertilizing ability of human spermatozoa.
Sperm cryopreservation is essential in assisted reproduction especially for storage of surgically retrieved spermatozoa to avoid the surgical risks associated with multiple epididymal or testicular aspiration for azoospermic men. Despite advances in cryopreservation protocols, the recovery rate of functional spermatozoa after cryopreservation and thawing is still unsatisfactory and the success rates of assisted reproduction using frozen spermatozoa are significantly lower than that using fresh spermatozoa (Holt, 2000) . Cryopreservation induces many changes in spermatozoa, including membrane disorders, DNA damage, apoptosis and cell death, probably due to generation of ROS (Chatterjee and Gagnon, 2001 ). These observations prompted researchers to use antioxidant supplements during sperm processing, though without much success (Donnelly et al., 2000; Calamera et al., 2001; Rossi et al., 2001; Chi et al., 2008; Taylor et al., 2009) . Therefore, the present study also tested the possible use of oviductal epithelial cell membrane proteins or sFUT5-interacting protein as an antioxidant supplement to protect sperm functions during cryopreservation.
Materials and Methods

Ethical approval
The Institutional Review Board of the University of Hong Kong/Hospital Authority Hong Kong West Cluster approved the research protocol.
Semen samples
Semen samples were obtained from donors attending the subfertility clinic at the Queen Mary Hospital, Hong Kong. After liquefaction and routine semen analysis, only semen samples with normal parameters according to World Health Organization criteria (2010) were used. The samples were processed by Percoll (Pharmacia, Uppsala, Sweden) density gradient centrifugation. In brief, semen was layered on top of the Percoll gradient containing 45 and 90% Percoll and centrifuged at 300g for 20 min. Spermatozoa were resuspended in Earle's Balanced Salt Solution (EBSS; Sigma, MO, USA) supplemented with 0.3% bovine serum albumin (BSA), 0.3 mmol/l sodium pyruvate, 0.16 mmol/l penicillin-G, 0.05 mmol/l streptomycin sulfate and 14 mmol/l sodium bicarbonate (all from Sigma) (EBSS/0.3% BSA).
Extraction of OE-E6/E7 membrane proteins
The immortalized oviductal epithelial cells OE-E6/E7, which retains many characteristics of the normal oviductal epithelial cells (Lee et al., 2001; Ling et al., 2005) , were cultured in Dulbecco's minimal essential medium/Hams F12 medium (DMEM/F12) (Gibco, NY, USA) supplemented with streptomycin (75 IU/ml), penicillin (100 IU/ml), sodium bicarbonate (26 mM) and 10% heat-inactivated fetal bovine serum (GIBCO/BRL, NY, USA). Their membrane proteins were extracted using the Proteo-Extract Transmembrane Protein Extract Kit (Merck, Darmstadt, Germany) according to the manufacturer's instructions as described (Huang et al., 2013 
Sperm-OE-E6/E7 membrane protein interaction assay
Human spermatozoa (2 × 10 6 cells/ml) were incubated with 100 mg/ml Alexa Fluor w 488-conjugated OE-E6/E7 membrane proteins at 378C for 1 h in 5% CO 2 atmosphere in the presence of 0.01 -10 mg/ml goat polyclonal anti-FUT5 (Santa Cruz, TX, USA) or isotype control antibody (Control; Santa Cruz). The unbound OE-E6/E7 membrane proteins were washed away with fresh medium three times as described while the specifically bound fraction was retained (Huang et al., 2013) . The amount of spermbound OE-E6/E7 membrane proteins were determined by a fluorescence microplate reader (Dynatech MR5000; Dynatech, Embrach, Switzerland) with wavelengths at 485 nm/535 nm (excitation/emission). The results are expressed as percentage of the control antibody.
Purification of sFUT5
The purification of sFUT5 was performed as described (Chiu et al., 2007) . In brief, 200 × 10 6 spermatozoa were washed three times in phosphatebuffered saline (PBS) before incubation in 1 M NaCl in PBS with gentle stirring for 30 min at 258C to remove non-integral, peripheral membrane-associated proteins. The membrane proteins of the spermatozoa were then extracted in 1% Triton X-100 (Sigma) supplemented with a cocktail of protease inhibitors Merck) . After centrifugation at 15 000g for 40 min, the insoluble fraction was discarded. The supernatant was diluted in buffer A (MOPS-NaOH buffer (pH 7.3) containing 0.2% Triton X-100 and 6 mM MnCl 2 ) and fractionated with an ion-exchange column (Mono Q; Phamacia, MN, USA) in a AKTA System (AKTA Purifier 10; Phamacia) pre-equilibrated in buffer A (Yao et al., 1998; Chiu et al., 2003) .
Stepwise elution was performed with buffer A containing 0.5 M NaCl. The eluted sperm proteins were desalted through a Sephadex G-25 column (Phamacia) and were further purified by a guanosine diphosphate-agarose column (Sigma). The bound proteins were eluted with buffer A supplemented with 10 mM guanosine-monophosphate and 0.5 M NaCl. The concentration of the purified sFUT5 was determined by a protein assay kit (Bio-Rad, Hercules, CA, USA). The purity of sFUT5 was checked by SDS -PAGE, mass spectrometry and western blotting using polyclonal antibodies against FUT-5 (1 : 200; Santa Cruz) (Chiu et al., 2007) /ml) were trypsinized, washed three times with PBS and fixed with 4% paraformaldehyde (Sigma) in PBS for 30 min at room temperature. They were then incubated with Fluor w 488-conjugated sFUT5 (10 mg/ml) for 3 h at 48C, washed three times in PBS and examined under a fluorescence microscope with excitation/emission wavelengths of 425/520 nm. Fluor w 488-labeled ovalbumin was used as the negative control. The binding of fluorescencelabeled sFUT5 on frozen sections (10-12 mm thick) of human oviducts obtained from patients admitted for hysterectomy due to uterine fibromyoma was also studied using the same incubation protocol except that no fixation step was included.
Determination of sperm motility
Sperm motility parameters were analyzed by Hobson Sperm Tracker System (Hobson Tracking Systems Ltd, Sheffield, UK). The set-up parameters of the sFUT5 mediates sperm-oviduct interaction system and the procedures were described previously (Chiu et al., 2010; Huang et al., 2013) . Each measurement was performed on a warmed microscope stage at 378C. Five hundred spermatozoa per sample in randomly selected fields were evaluated to determine (i) average path velocity (VAP, mm/s), (ii) curvilinear velocity (VCL, mm/s), (iii) straight-line velocity (VSL, mm/s), (iv) Beat cross frequency (BCF, Hz), (v) amplitude of lateral head displacement (ALH, mm), (vi) mean linearity (LIN, VSL/VCL), (vii) straightness (STR, VSL/VAP), (viii) percentage hyperactivation (HYP) and (ix) percentage progressive motility (VAP ≥25 mm/s). All samples were processed in triplicate.
Determination of sperm lipid peroxidation
BODIPY
w 581/591C 11 (Invitrogen, CA, USA) was used to assess the lipid peroxidation in human spermatozoa as described (Huang et al., 2013) . In brief, BODIPY w 581/591C 11 (5 mM) was loaded into 100 ml of sperm suspension (20 × 10 6 spermatozoa/ml), incubated for 30 min at 378C in the dark. The spermatozoa were then washed before loaded into wells of 96-well plate. BODIPY 581/591 C11 signal was quantified with excitation/emission wavelengths of 485/535 nm using a fluorescent plate reader (Infinite F200; Tecan, Männedorf, Switzerland). The results were expressed as percentage of fluorescence intensity relative to the control.
Determination of sperm DNA fragmentation
Sperm DNA fragmentation was assessed by the alkaline comet assay (Trevigen, MD, USA) (Huang et al., 2013) . The comets of the treated spermatozoa were analyzed under a ×200 microscope with the use of the single-cell gel electrophoresis analysis software (CometScore; TriTek Corp, VA, USA). The extent of DNA damage in each sample was measured by % Tail DNA and tail moment (arbitrary units, AU) in 100 spermatozoa per sample. The % Tail DNA is a measure of the degree of DNA damage in proportion to the total DNA present in the comet tail. Tail moment is the product of the relative tail DNA content and the tail length.
Assessment of intracellular ROS
Sperm intracellular ROS was assessed by a fluorometric assay using dichlorofluorescein diacetate (DCFH-DA; Sigma) as the probe (Huang et al., 2013) . In brief, spermatozoa (10 × 10 6 spermatozoa/ml) were incubated with the cell-permeable DCFH-DA (10 mM) for 15 min before treatment. The intracellular ROS converted the DCFH-DA to the fluorescent 2,7-dichlorofluorescein (DCF). The fluorescent intensity of DCF was proportional to the intracellular ROS level and was measured by an Infinite F200 fluorescent plate reader (Tecan) with excitation/emission wavelengths of 502/523 nm.
Measurement of sperm SOD and GPx activities
SOD and GPx are the main antioxidants in the human spermatozoa (Storey, 1997; Drevet, 2006) . SOD catalyzes superoxide into hydrogen peroxide (H 2 O 2 ), which is further reduced into water by GPx. Activities of sperm SOD and GPx were determined by Superoxide Dismutase Activity Colorimetric Assay Kit (AbCam, Cambridge, UK) and Glutathione Peroxidase Assay Kit (AbCam), respectively (Huang et al., 2013) . For the SOD activity assay, spermatozoa were lysed in ice cold 0.1 M Tris/HCl, pH 7.4 containing 0.5% Triton X-100, 5 mM b-Mercaptoethanol and 0.1 mg/ml phenylmethanesulfonyl fluoride. After centrifugation at 14 000g for 5 min at 48C, the SOD activities in the supernatant were determined according to the instructions of the manufacturer of the assay kit. Similarly, the GPx activities were determined according to the manufacturer's instructions. The GPx assay was based on a nicotinamide adenine dinucleotide phosphate (NADPH)-coupled reaction with glutathione reductase. The GPx activity is proportional to the consumption of NADPH.
Assessment of sFUT5 -OE-E6/E7 membrane protein interaction on human spermatazoa
The oviductal epithelial cell membrane proteins interact with the human spermatozoa and protect them from ROS-induced damages (Huang et al., 2013) . To test the role of sFUT5, OE-E6/E7 membrane proteins (100 mg/ml) with or without 1 h pre-incubation of purified sFUT5 (10 mg/ml) was used to treat the spermatozoa (10 × 10 6 spermatozoa/ml) at 378C in 5% CO 2 atmosphere for 1 h. The spermatozoa were then washed twice with EBSS/0.3% BSA followed by H 2 O 2 (180 mM) treatment for 15 min to induce oxidative stress (Huang et al., 2013) . The sperm motility, lipid peroxidation, DNA fragmentation, intracellular ROS level and SOD/GPx activity were then determined.
To confirm the results of sFUT5 protein, spermatozoa (10 × 10 6 spermatozoa/ml) were pre-incubated with anti-sFUT5 functional blocking antibody (1 mg/ml, N-18; Santa Cruz) (Chiu et al., 2007) at 378C for 1 h before the OE-E6/E7 membrane proteins and H 2 O 2 treatment. Anti-FUT6 antibody (N-16; Santa Cruz), which did not recognize sFUT5 on the human spermatozoa (Breton et al., 1998; Chiu et al., 2007) , was used as a control.
Assessment of asialofetuin on spermatozoa under oxidative stress
Asialofetuin is a substrate of sFUT5 (Chiu et al., 2007) . To test whether asialofetuin could mimic the protective effect of oviductal cell membrane proteins, spermatozoa (10 × 10 6 spermatozoa/ml) were incubated with asialofetuin (10 mg/ml; Sigma) for 1 h, washed twice, then treated with H 2 O 2 (180 mM) for 15 min. The sperm functional parameters and SOD/ GPx activities were determined. A non-sFUT5 glycoprotein substrate, RNAse (10 mg/ml) (Chiu et al., 2007) was used as control.
Assessment of OE-E6/E7 membrane proteins/asialofetuin pretreatment on cryopreservation of human spermatozoa
Human spermatozoa (10 × 10 6 spermatozoa/ml) were divided into two aliquots; 100 mg/ml OE-E6/E7 membrane proteins or 10 mg/ml asialofetuin were added to one aliquot and the other aliquot served as control. After incubation for 1 h at 378C in 5% CO 2 atmosphere, the spermatozoa were washed with EBSS/0.3% BSA before resuspension slowly in Test Yolk Buffer-Glycerol Freezing Medium (1 : 1; Irvine Scientific, CA, USA) with continuous shaking. The diluted aliquot was then transferred to screw-top cryovials (Nunc, Denmark) and frozen by gradual cooling into liquid nitrogen using a programmable freezing system (Kryo 10, series II, Planer, Middlesex, UK). The initial cooling rate of the specimen from room temperature to 28C is 18C/min. The sample is then frozen from 28C to 2908C at a rate of 6-108C/min. Finally, the frozen spermatozoa were stored in liquid nitrogen for at least 48 h before rapid thawing and washed with EBSS/0.3% BSA medium. Sperm motility and DNA integrity were determined as described.
Statistical analysis
All the data were expressed as the mean and standard error of the mean (SEM). The data were analyzed by statistical software (SigmaPlot 10.0 and SigmaStat 2.03; Jandel Scientific, San Rafael, CA, USA). For all experiments, non-parametric rank sum test for comparisons was used to identify differences between groups. If the data were normally distributed, parametric Student t-test was used as the post test. A P-value of ,0.05 was considered to be statistically significant.
Results
Anti-FUT5 antibody inhibits interaction of spermatozoa-OE-E6/E7 membrane proteins
Our previous data demonstrated specific binding of OE-E6/E7 membrane proteins to human spermatozoa (Huang et al., 2013) . In this study, anti-FUT5 antibody at concentrations of 1 and 10 mg/ml significantly (P , 0.05) and dose-dependently inhibited the binding capacity of the treated spermatozoa to Alexa Fluor-488 labeled OE-E6/E7 membrane proteins (Fig. 1) . At 10 mg/ml, the binding of the OE-E6/E7 membrane proteins was reduced by 43.2 + 3.5%. No significant difference was observed when isotype control antibody was used when compared with the spermatozoa without antibody treatment.
sFUT5 binds to human oviductal epithelial cells
Fluorescent-labeled sFUT5 bound specifically to the OE-E6/E7 cells and the human oviductal epithelial cells in frozen sections ( Fig. 2A) . The bound signal disappeared in the presence of excess amount of unlabeled sFUT5 (Fig. 2B) . At high magnification, sFUT5 binding was observed at the apical surface of the oviductal cells (Fig. 2E) . Fluorescence-labeled ovalbumin did not interact with the OE-E6/E7 cells and the human oviduct (Fig. 2C) . Similar observation was obtained by flow cytometric analysis (Fig. 2D) ; the percentage of OE-E6/E7 cells with bound sFUT5 (40.3 + 7.9%) was significantly (P , 0.05) higher than that of ovalbumin (0.2 + 0.1%) (Fig. 2D) .
sFUT5 pretreatment or blocking suppresses the protective effect of OE-E6/E7 membrane proteins on sperm motility H 2 O 2 treatment significantly (P , 0.05) inhibited the sperm motility parameters (Fig. 3A) , induced lipid peroxidation (Fig. 3B) , DNA fragmentation ( Fig. 3C and Supplementary data, Fig. S2 ) and intracellular ROS generation (Fig. 4) . One hundred micrograms per milliliter of OE-E6/E7 membrane proteins pretreatment partially protected the spermatozoa from the adverse effect of H 2 O 2 , consistent with the previous study (Huang et al., 2013) . On the other hand, pre-incubation of the OE-E6/ E7 membrane proteins with sFUT5 or blocking of sFUT5 on the human spermatozoa by anti-FUT5 antibody abolished the above protective effects of OE-E6/E7 membrane proteins (Figs 3 and 4 , and Supplementary data, Fig. S2 ). sFUT5 or anti-sFUT5 antibody alone at the concentration tested did not affect all the sperm functional parameters in the presence or absence of H 2 O 2 (Figs 3 and 4, and Supplementary data, Fig. S2 ).
sFUT5 suppresses OE-E6/E7-induced GPx but not SOD activity
OE-E6/E7 membrane proteins enhance the intracellular activities of sperm SOD and GPx (Huang et al., 2013) . Inclusion of functional blocking anti-sFUT5 antibody did not affect the OE-E6/E7 membrane proteins-induced SOD activity (Fig. 5 ), but significantly (P , 0.05) suppressed the GPx activity (Fig. 5) . The results indicated that sFUT5 was involved in the OE-E6/E7 membrane proteins-induced sperm GPx activity.
sFUT5 substrate asialofetuin protects spermatozoa from oxidative stress
Pre-incubation of human spermatozoa with asialofetuin, but not RNase, before H 2 O 2 treatment significantly (P , 0.05) enhanced VAP and percentage progressive motility when compared with spermatozoa treated with H 2 O 2 only (Fig. 6A) . Asialofetuin also protected the spermatozoa against H 2 O 2 -induced sperm lipid peroxidation (Fig. 6B ) and DNA fragmentation ( Fig. 6C and Supplementary data, Fig. S3 ). Asialofetuin or RNase treatment did not affect sperm motility, membrane integrity and DNA integrity in the presence or absence of H 2 O 2 ( Fig. 6 and Supplementary data, Fig. S3 ).
OE-E6/E7 membrane proteins or asialofetuin supplementation protect spermatozoa from the adverse effect of cryopreservation on sperm motility and DNA integrity
The cryopreservation process significantly (P , 0.05) reduced most sperm motility parameters and induced sperm DNA fragmentation when compared with spermatozoa before cryopreservation (Fig. 7) . Spermatozoa pretreated with OE-E6/E7 membrane proteins had significantly (P , 0.05) higher VAP, VCL, VSL and %HYP (Fig. 7A) and lower DNA fragmentation level (Fig. 7B ) after cryopreservation than those without the membrane treatment. Similar observation on sperm motility was obtained for asialofetuin, though the magnitude of improvement was lower (Fig. 7) . There was a trend in the reduction of the cryopreservation-induced DNA fragmentation after asialofetuin Figure 1 Effect of anti-FUT5 antibody on the interaction of spermatozoa with OE-E6/E7 membrane proteins. Human sperm were incubated with 100 mg/ml Alexa Fluor w 488-conjugated OE-E6/E7 membrane proteins in the presence of 0.01 -10 mg/ml goat polyclonal anti-FUT5 or isotype control antibody (Control) for 1 h. The spermbound OE-E6/E7 membrane proteins were then determined. The results are expressed as percentage of control. Data represent the mean + SEM of five separate experiments using five different sperm samples. *P , 0.05 when compared with the corresponding control. sFUT5 mediates sperm-oviduct interaction pretreatment. However, the difference did not reach statistically significance (Fig. 7B) .
Discussion
Sperm binding to the oviductal epithelium is mediated by carbohydrate recognition in many species. A number of polysaccharides, monosaccharides and glycoproteins competitively inhibit the binding of spermatozoa to the oviductal epithelial cells or explants (Suarez, 2002) , such as fetuin and monomeric sialic acid for hamster (DeMott et al., 1995) , asialofetuin and galactose for horses (Dobrinski et al., 1996) , fucose and glycoprotein fucoidin for cattle (Suarez et al., 1998) , N-acetylgalactosamine and galactose for llama (Apichela et al., 2010) , and mannose, galactose, sialylated lactosamine and O-linked Galb1-3GalNAc disaccharide for pigs (Green et al., 2001; Wagner et al., 2002; Marini and Cabada, 2003; Kadirvel et al., 2012) . Several sperm carbohydrate-binding proteins that interact with the oviduct have also been identified, including galactose/mannose-binding protein AQN1 (Swiss-Prot: P26322) in pigs (Ekhlasi-Hundrieser et al., 2005) , mannosebinding protein DQH (Swiss-Prot: P80964) in boar (Manaskova et al., 2007) and fucose-binding protein seminal vesicle secretory protein 109 (PDC-109) in cattle (Gwathmey et al., 2003) . In contrast, there is no conclusive evidence on the role of carbohydrate in spermatozoaoviduct interaction in humans. sFUT5, a carbohydrate-binding protein, was previously identified as a glycodelin and zona pellucida-binding protein with its carbohydratebinding domain oriented towards the outer plasma membrane surface on the acrosomal region of human spermatozoa (Chiu et al., 2007) . This report shows for the first time that sFUT5 is involved in the binding of human spermatozoa to the oviductal cells and in the protective action of OE-E6/E7 membrane proteins on oxidative damage of human spermatozoa. Four observations demonstrated that sFUT5 mediates spermatozoa-oviduct interaction: (i) anti-sFUT5 antibody-treated spermatozoa had reduced binding to the oviductal membrane proteins; (ii) sFUT5 bound to the OE-E6/E7 cells and to the epithelium of human oviduct; (iii) pretreatment of spermatozoa with anti-sFUT5 antibody and oviductal membrane proteins with sFUT5 suppressed the biological activities of oviductal membrane proteins on spermatozoa and (iv) asialofetuin partially mimic the protective effect of oviductal membrane proteins. Interestingly, asialofetuin has been demonstrated as an inhibitor of spermatozoa-oviduct interaction in horses (Dobrinski et al., 1996) and pigs (Wagner et al., 2002) .
FUTs are a group of glycosyltranserases that transfer fucose from guanosine 5 ′ -diphospho-b-L-fucose (GDP-fucose) to various oligosaccharide acceptors in a1,2-, a1,3-, a1,4-and a1,6-linkages (Breton et al., 1998) . FUT5 as a a1,3/4-FUT has the broad acceptor-binding ability, including Type 1 (Galb1-3GlcNAc) and Type 2 (Galb1-4GlcNAc) acceptors, 3-sulfo-, 6-sulfo-, a2,3-sialylated and a1,2-fucosylated forms of these acceptor saccharides, as well as glycans with GalNAcb1-4GlcNAc structure ( sFUT5 mediates sperm-oviduct interaction is involved in cell-cell binding, such as sperm-zona pellucida binding (Chiu et al., 2007) , spermatogenic germ cell-sertoli cell adhesion (Raychoudhury and Millette, 1997) and adhesion of peritoneum cancer cells to mesothelium (Asao et al., 1995) . Similar to other species, the surface of human oviductal epithelial cells expresses a variety of oligosaccharides (Suarez, 2001 ) that can be recognized by sFUT5, such as Galb1, 3G1cNAcb1, 3Galb1 and 4Glc (Gooi et al., 1983) . The exact role of acrosomal sFUT5 in zona pellucida and oviduct interaction and the mechanisms coordinating these two activities are still unknown. Similar observation is found in boar where sperm surface AQN-1 is involved in both spermatozoa-oviductal epithelial cell interaction (Liberda et al., 2006) and sperm-zona pellucida binding (Sanz et al., 1992) . The sperm-specific protein missing in infertile spermatozoa 2 in mice is also involved in both spermatozoa-oviduct interaction and spermatozoa-zona pellucida binding (Yamaguchi et al., 2012) . It is important to note that the anti-FUT5 antibody cannot completely block the beneficial effects of OE-E6/E7 membrane proteins on spermatozoa, indicating other molecules are involved consistent with previous studies (Green et al., 2001) . For example, recognition between amino acid sequence Arg-Gly-Asp (RGD) and integrins has been suggested to contribute to the human sperm-oviduct interaction (Reeve et al., 2003) . This is further supported by our observation that anti-FUT5 antibody only suppresses the GPx, but not the SOD activity (Fig. 5) , whereas the OE-E6/E7 membrane proteins suppress the activities of both enzymes (Huang et al., 2013) . Spermatozoa are exposed to physical and chemical stresses during cryopreservation, leading to adverse alterations in membrane lipid construction, mitochondrial activities, sperm motility, viability and acrosome status (Alvarez and Storey, 1993; Schiller et al., 2000; O'Connell et al., 2002) . The mechanisms of cryo-damage to human sperm are multifactorial, including formation of intracellular ice crystals, osmotic shock, dehydration and oxidative stress. Among which, the oxidative stress caused by increased ROS generation is a major contributing factor (Wang et al., 1997; Chatterjee and Gagnon, 2001; Thomson et al., 2009) . Cryopreservation also significantly affects the distribution and suppresses the activities of sperm antioxidant enzymes, including SOD and GPx (Lasso et al., 1994; Bilodeau et al., 2000; Strzezek et al., 2012) , which may reduce the sperm defense against oxidative stress.
Several studies have evaluated the role of antioxidant supplementations in protecting sperm motility and DNA integrity from oxidative stress during sperm cryopreservation. However, the results are controversial (Zini and Al-Hathal, 2011) . For example, while some studies showed that pentoxifilline improves post-thaw sperm motility and/or sperm functions (Wang et al., 1993; Esteves et al., 1998) , no beneficial effects could be demonstrated in other studies (Check et al., 1995) . Other antioxidants supplementation, including vitamin C and E, SOD, or catalase were found not effective during sperm cryopreservation (Rossi et al., 2001; Yenilmez et al., 2006; Taylor et al., 2009; Zini and Al-Hathal, 2011) .
In this study, spermatozoa incubated with OE-E6/E7 membrane proteins before cryopreservation, significantly reduced the adverse effects of cryopreservation on motility and DNA integrity. Asialofetuin can partially mimic the protective effect of oviductal epithelial cell membrane proteins on cryopreservation-induced oxidative damage. The identification of asialofetuin as a candidate sperm protectant against oxidative damage prompts its development as a convenient supplement for Figure 4 Effects of 100 mg/ml OE-E6/E7 membrane proteins treated with sFUT5 (10 mg/ml) or anti-sFUT5 antibody (1 mg/ml) on 180 mM H 2 O 2 -induced intracellular ROS level. Intracellular ROS level is presented as percentage changes relative to the control. Data represent the mean + SEM of five separate experiments using five different sperm samples. *P , 0.05 when compared with the control without treatment. #P , 0.05 when comparing the OE-E6/E7 membrane proteins + H 2 O 2 treatment group (with or without sFUT5/anti-sFUT5 pretreatment) with the H 2 O 2 alone treatment group. Figure 5 Effects of 100 mg/ml OE-E6/E7 membrane proteins treated with anti-sFUT5 antibody (1 mg/ml) on sperm GPx and SOD activities. Enzyme activity is presented as percentage changes relative to the control without treatment. Data represent the mean + SEM of five separate experiments using five different sperm samples. *P , 0.05 when compared with the control without treatment. sperm processing. Commercially available asialofetuin may serve as a surrogate for the oviductal epithelial cell membrane proteins to improve the sperm quality during processing.
While there are numerous studies about the biological effect of oviduct on spermatozoa, there is limited information on the influence of sperm binding on oviductal functions. Sperm contact has shown to stimulate gene expression in the equine, bovine and mouse oviduct leading to the synthesis of proteins that can modulate sperm functions (Thomas et al., 1995; Georgiou et al., 2005; Yeste et al., 2014) . Recent study by our laboratory has also shown that the expression of adrenomedullin by human oviduct, a modulator of sperm motility (Chiu et al., 2010) , is upregulated by sperm contact (Li et al., 2010) . This phenomenon may have physiological relevance for transporting gamete in the oviduct before and after fertilization. Therefore, it is worth to study the possible modulation of oviductal cell functions after the binding of sFUT in the future.
To conclude, the results of the current study demonstrated that sFUT5 mediates the spermatozoa-oviductal epithelial cell interaction Comet analysis was used to evaluate DNA fragmentation, which is presented as % tail DNA and tail moment. All data are represented as mean + SEM. *P , 0.05 when compared with the control without treatment. #P , 0.05 when comparing the asialofetuin + H 2 O 2 treatment group with the H 2 O 2 alone treatment group. Non-sFUT5 glycoprotein substrate, RNAse (10 mg/ml) is used as control.
sFUT5 mediates sperm-oviduct interaction and the beneficial effects of such interaction on the motility and DNA integrity of human spermatozoa. The outcome of this project enhances our understanding on the mechanism of the oviduct in prolonging/enhancing sperm fertilizing ability. The beneficial effects of oviductal epithelial cell membrane proteins and sFUT5-interacting proteins may be useful in enhancing the fertilizing ability of spermatozoa in assisted reproduction treatment.
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Figure 7
Effects of OE-E6/E7 membrane proteins (100 mg/ml) or asialofetuin (10 mg/ml) pretreatment on sperm after cryopreservation. (A) Motility parameters (N ¼ 10). Sperm motility parameters measured: average path velocity (VAP), curvilinear velocity (VCL), straight-line velocity (VSL), beat cross frequency (BCF), amplitude of lateral head displacement (ALH), linearity (LIN; VSL/VCL), straightness (STR; VSL/VAP), percentage hyperactivation (HYP; VCL ≥100 mm/s, LIN ≤60% and ALH ≥5.0 mm) and percentage progressive motility (VAP ≥25 mm/s). (B) DNA fragmentation (N ¼ 10). Comet analysis was used to evaluate DNA fragmentation, which is presented as % tail DNA and tail moment. All data are represented as mean + SEM. *P , 0.05 when compared with sperm before cryopreservation. #P , 0.05 when compared with the cryopreservation control group without OE-E6/E7 membrane proteins or asialofetuin supplementation.
